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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement

MULTIPLY BY ~-TO GET

TO GET 4BY4 -DIVIDE

angstrom 1 000 000 X E -10 meters (ml)

atmosphere (normal) 1 013 25 X E +2 lulo pascal (kPa)
bar 1.000 000 X E - 2 kilo pascal (kPa)

b n1.000000X E -28 meter
2 

rm

British thermal unit (thermochemical) 1.054 350 X E +3 joule (J)

calorie (thermochemical) 4. 184 000jol()

cal (thermochemical)/cm 
2  4. 184 000 X E -2 mega joule/in (MJ/n2

cu rie 3,700 001) X E -1 I*gig,&*b~,cquerel (GBq)

degree (angle) 1. 745 329 X E -2 I radian (red)

degree Fahrenheit I~ tW f - 459. 670/ 8 degree krelvin (K)

electron volt 1.0 9XE-9joule (J)

erg 1.000 000 X E -7 joule (J)

erg/second 1. 000 000 X E -7 watt (W)

foot 3. 048 000 X E -1 1 meter (m)

foot -pound -force 1.355 818 joule (J)
gallon (I S liquid 3 785 412 X E -3 mete r3 

(m 3

inch 2 540000OX E -2 meter (ml)

jerk 100 000OX E .9 joule (J)

joule/kilogram )J/ig) (radiation dose
absorbed) 1.000 000Gry()

*kilotons 4 183 terajoules

kip (1000 lbf( 4 448 222 X E .3 newton (N)
kipich )ksi) 6 894 757 XE .3 kilo pascal (kPaI

k1a 1000 000 X E 42 Na-1

micron 1 000 000 X E -II meter (ml)

mil 2.540 000 X E -5 meter (m)
mile )international( 1.609 344 X E 43 meter (ml)

ounce 2 834 952 X E -2 kilogram (kg)
pound -force (tbi axoirdupoisl 4.448 222 newton (N)

pound-force inch 1.129 848 X E -1 newton -meter (N -i)

pound -force /inch 1 751 268 X E 4.2 newton/meter (N/rn)
pound -force /foot 2  

4. 788 026 X E -2 kilo pascal (kPa)

*pound -force /inch 2Ipsil) 6 894 757 kilo pascal (kPaI
Ppound-mass OIbm axoirdupois( 4 535 924 X E -1 kilogram (kg)

pound -mass -foot2 (moment of inertia) klga-ee

4 214 011 X E -2 (kg. m
2

)

pound -mass /Toot I kilogram /mete r3

1 (. 601 846 XE .1 (kg/m 
3

1

rd(aitodoeabsorbed) 1.000 000 X E -2 -- Gray (Gy)

roentgen coulomb/kilogram
2 579 760 X E -4 (C/kg)

shake 1 000 000 XE -8 second (a)

slg1 459 390 X E .1 kilogram (lI

torr (mm Hg, 0- C) 1.333 22 X E -1 kilo pascal (kP&)

* .- The becqueret (Bq( is the SI unit of radioactivity; 1 aq I event/s
*The Grav (G)) is the SI unit of absorbed radiation.
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SECTION 1

INTRODUCTION

This report presents the results of plate-impact experiments performed by SIZl International to

assess the shear-stress sensitivity of the piezoelectric sensing element of a stress gage. This gage was

developed by Dr. A. Bur and coworkers 1, 2 at the National Bureau of Standards (NBS). The sensing

element in the NBS stress gage is a double layer of the thin, polymer film, polyvinylidene fluoride

(PVDF). The performance of this gage for measuring dynamic stresses in soil has been evaluated both

in the laboratory and in the field. 3' 4 Because those tests focused on the sensitivity of the NBS gage to

normal stress, they could not provide information on the gage's sensitivity to dynamically applied

shear stress.

Although there has been considerable research on the piezoelectric and mechanical properties of

PVDF over the past twenty years (see, for example, reference 5), the source of its piezoelectric sensi-

tivity is not well understood. No single model of the behavior of PVDF can be relied on to predict the

shear stress sensitivity of the film used in the NBS gage. Nor can we estimate its response to shear

stress by assuming that the piezoelectric behavior of the bulk fihm can be described by a coefficient

matrix relating stress or strain to change in polarization. Such a description is adequate for many

applications of aiagl cr.stals that exhibit primary* piezoelectric sensitivity. The practical problem in

describing the film in an analogous manner is that insufficient laboratory measurements have been per-

formed to determine all the coefficients of an effective piezoelectric matrix of the bulk material. More

important, a description of this form would probably be inaccurate for describing secondary

piezoelectric behavior.

Effective field operation of a stress gage requires that its signal, which is a scalar function of time,

- can be unambiguously related to one component of the free-field stress, which is a tensor function of

time. The stress component the NBS gage is designed to measure is the normal stress applied to the

face of the gage. The small aspect ratio of the NBS gage (0.024 thickness-to-diameter) minimizes its

perturbation to the stress field and restricts its sensitivity to the three components of stress that

develop on the face of the gage.3 Thus, for effective operation, we must be able to account for the

influence of the two components of shear stress applied to the face of the gage on its response. If

PVDF has no pie-oelectric sensitivity to in-plane shear stress, the response of the NIS gage depends

only on the normal stress applied on its face, and no explicit account would need to be made of

coexisting shear stresses.

BLsed on the model of PVDF used by Bur in developing the NIBS gage i d mth ,i rl A%

expressed in the literature, we did not, expect the IVDF to exhibit any piez ielect ri" scnit 1I I . ....

" plane shear stresses. Owing to the deficiencies in the general understanding ,,f I'\I F mnti i.,,,

A " above, we undertook to perform direct measurementsto confirm the absence of pi,,,i'liri, -11.I,1it%

- of the NBS gage's sensing element to shear stresses applied in the plane -f the PVI Win

* Primary piezoelectri(ity refers to stress-indued rlia ges in p,Aariz.dt,-n This i. di-ti gmi
from secondary piezoelect rc ity, in which a change in p,,l.riziti-n iosult . riin [f rail-i 7 i, e, r', -
tribution of free charge or permanent dipoles

% % I



We performed a set of four plate-impact experiments to assess the shear sensitivity of the PVDF
sensing element to combined loading by a longitudinal and a shear stress wave. We investigatcd one

combination of amplitudes of compressive stress and shear stress in these experiments. The compres-

sive stress was nominally 4.5 kbar (450 NIPa). Under this compression, no piezoelectric sensitivity of

the PVDF sensing element to a 0.22-kbar (22 MPa) in-plane shear stress was detectable in our experi-

ments. From this observation we estimate that the piezoelectric sensitivity of the NBS PVDF sensing

element to in-plane shear stress is less than 0.27 times its sensitivity to hydrostatic compression. How-

ever, the records obtained in our experiments contain much noise, and their interpretation is

ambiguous.

We have also briefly examined the feasibility of two other methods for determining whether

PV'DF is sensitive to shear stress. First, the SRI Hlopkinson torsion bar might be used to apply

dynamic shear loads of millisecond duration to the specimen rather than the short, microsecond dura-

tion pulses applied in the gas gun experiments. Second, the nonzero coefficients of the effective

piezoelectric matrix of PVDF film under zero confining stress could be identified following established

methods of applying electric fields to exercise the inverse piezoelectric effect in the i.,aterial. This

coefficient matrix would provide qualitative information: the stress or strain components that change

the polarization of PVDF film under zero confining stress should also change it under nonzero

confining stresses. These possibilities are discussed among the recommendations in Section 6.

2
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SECTION 2

TIlE PVDF SENSING ELEMENT

P\DF is a semicrystalline polymer film with a crystalline fraction of nominally 50%. Three struc-

tural phases of PVDF crystallites have been identified. 5 Phase I (beta-phase) has orthorhombic m2m
symmetry 5 (tihe two-fold axis is in the plane of a crystal lamella along the crystallographic b-axis).
Oriented samples of Phase I PVDF are produced by stretching material crystallized from melt.

Stretching tends to align the lamellae of crystallites with the plane of the film. A film that is

stretched along only one direction, taken to be the xl-direction, is called uniaxially oriented PVDF. A

film that is stretched along both the x l- and x2-directions is called biaxially oriented. The x3-axis of

the reference coordinate system is normal to the plane of the film.

Biaxially or uniaxially oriented Phase I PVDF that is subjected to a strong electric field of the

order of MV/cm along the x3-direction becomes permanently polarized in this direction. This treat-

ment, called poling, produces a strong piezoelectric sensitivity to normal stress in the x3-direction.

The effective piezoelectric stress coefficient (e-constant) of PVDF film relating normal strain to change

in polarization along the x3-direction is estimated to be approximately equal to the analogous

coefficient of an X-cut quartz single crystal. Because the compressibility of PVDF film is much larger

than that of quartz, the corresponding effective piezoelectric strain coefficient (d-constant), which

relates normal stress to change in polarization, is of the order of tens of pC/N, compared to

2.25 pC/N for the analogous coefficient of an X-cut quartz single crystal.

PVDF also exhibits a pyroelectric sensitivity. This effect should be present in impact experi-

ments, which produce an adiabatic temperature rise in the material given by

( T c T()

where T is temperature, P is pressure, subscript S denotes constant entropy, or is the coefficient of

thermal expansion, p is density, and Cp is specific heat. The fractional contribution to the change in

polarization from the pyroelectric response in the impact experiments is given by

d aP is(2)

where X is the pyroelectric coefficient, relating changes in temperature to changes in polarization.

DeReggi and coworkers 7 take the d-constant in Eq. (2) to be dh the effective hydrostatic d-constant,

which relates a purely hydrostatic stress to the change in the polarization component P 3, and they

estimate the fractional contribution of the pyroelectric response to the polarization as 8%.

Based on the symmetry of Phase I PVDF, the d-constant matrix for a single crystal has this form:

3
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di = [d~l d22 d-13 0 0 d10 (3)
0 0 o d3 4 0 0]1

Polarization arising from primary piezoelectricity in linear elastic single crystals is related to applied

stress by

d iY d(4)

If the piezoelectric behavior of PVDF film were produced in the same manner as in single crystals, the

zero elements of an effective d-constant matrix could preclude any piezoelectric sensitivity to in-plane

shear stresses. However, the macroscopic symmetry of PVDF film has not been determined

conclusively.

* Two additional points apply. First, because of the large compressibility of PVDF, arguments

based on the symmetry of the material at low stresses may not apply at the high stresses that the
NBS gage is expected to measure. Finite strains under such stresses may effectively alter the macros-
copic symmetry of the film. Second, a significant portion of the piezoelectric response of PVDF

appears to arise from secondary piezoelectricity: the reorientation of the dipolar chain molecules within
crystallites and the redistribution of crystallites and free charge within the film resulting from defor-
mation. According to the model for PVDF 6 referred to by Bur in developing the NBS gage, these

effects occur with no variation of the strength of the dipoles within the film, unlike the behavior of a
stressed, piezoelectric single crystal, The symmetry of a material does not constrain the relation

between applied stresses and resulting secondary piezoelectric changes in polarization. To the extent

that the piezoelectric response of PVDF is secondary, arguments based on symmetry for the sensitivity

of its response to particular components of stress are inapplicable.

The sensing element of the NBS gage, shown in Figure 1, comprises two layers of PVDF film, each
approximately 12-pum thick. Electrodes are vapor-deposited onto each side of the circular 0.5-cm-

diameter sensitized area in the center of each 2.54-cm-diameter film. The two layers are bonded

together by a layer of epoxy. The total thickness of the element is nominally 50 pm. The two layers
of PVDF are oriented so that the sense of the permanent polarization normal to each of the film layers

*-' are opposite one another. The two electrodes in the interior of the element are both high potential

electrodes, joined electrically by a common lead. The two electrodes on the exterior faces of the ele-

/' ment are both low potential electrodes, also joined electrically by another common lead. The leads

from the electrodes reach along a radius of the films, joining to a coaxial connector.

In the complete gage package, a small thermocouple is placed between the layers of PVDF near

the central sensitized area for monitoring temperature changes produced by heat flowing from the sur-

roundings. This thermocouple was omitted from the sensing elements used in our experiments. Addi-
tionally, for all the incline-impact experiments, the exterior electrodes of each of the PVI)F sensing

elements were extended to cover the entire surface to provide a uniform frictional character.

4
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Figure 1. PVDF sensing element of the NBS polymer soil stress gage.



SECTION 3

EXPERIMENT DESIGN

The combined loading by longitudinal and shear waves was produced using SRI's inclined-impact

gas gun facility. 8 This gas gun produces plane parallel impact of the flyer plate and target with both

equally inclined to the direction of motion of the flyer plate (Figure 2). Upon impact both a longitudi-

, nal and shear plane wave propagate into the target and the flyer plate. The normal-impact

experiment was performed using the same gas gun with the flyer plate and target not inclined.

The targets in these plate-impact experiments consisted of the PVDF sensing element epoxied in

place between two layers of polymethyl methacrylate (PMMA). The epoxy layers were nominally 13-

jpm thick, and epoxy filled the volume between the two PMMA buffers beyond the radius of the PVDF

element. PMMA was also used for the flyer plates that impacted the targets. PMMA was well suited

to these experiments because its shock impedance is close to that of PVDF, and the wave velocities in

the material were known from an earlier study.9 For an impact velocity of 0.270 mm/ps, the longitudi-

nal (shock) wave travels at 3.14 mm/ps and the trailing shear wave travels at 1.54 mm/ps. These two

waves separate as they propagate through the front PMIMA buffer (nominally 2-mm thick in Experi-

ments 2 through 4), with the longitudinal wave arriving at the PVDF sensing element 0.7 is after

impact and the shear wave arriving nearly 1.5 ps after impact. The delay of the arrival of the shear

wave was convenient for distinguishing any potential shear sensitivity from the normal stress sensi-

tivity of the PVDF element. The release wave from the rear of the flyer plate (nominally 7-mm thick

in all experiments) arrived at the PVDF element nearly 5 ps after impact.

The shear stress transmitted through the PVDF element is deduced from measurements of the

transverse particle velocity in the rear PMINA buffer. The particle veloc-ities in the interior of one or

both buffer plates are measured using embedded electromagnetic gages that operate according to the

electromagnetic law for moving circuits

E =T. ( x ) (5)

where c is the electromotive force (emf) generated by a conductor moving in the constant magnetic

field B. The particle velocity gage, whose length and orientation are denoted by the vector 1, is the

conductor, and it moves with the velocity of the surrounding material I. The magnetic field is pro-

duced by a pair of electromagnets that surround the entire target. The relative contributions from the

dipole magnet and the solenoid magnet are adjusted to align the magnetic field perpendicular to the

target.8 With this orientation, the transverse particle motion, which is along the vertical direction in

the plane of the impact surface (Figure 2), will generate an emf in the particle velocity gages that

extend across the width of the target (out of the page in Figure 2). Equation (5) illustrates that this

emf is directly proportional to the transverse particle velocity.

For steady, one-dimensional waves, either longitudinal or shear, the stress jump across the wave

front is given by the Ilugoniot jump condition8

6
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Figure 2. Configuration of inclined-impact experiments (a thin metalic
film element is vapor deposited onto the impact surface of
the target to serve as particle velocity gage 1).
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o pU u (6)

When Equation (6) is applied to a shear wave, a is the shear stress behind the wave front, p is the

density of the material ahead of the shear wave compressed by earlier passage of a longitudinal wave,

and U and u are the shear wave speed and the measured transverse particle speed, respectively.
.r

,%'. . \We performed four experiments. The thickness of the flyer plate in all four experiments was 7

. m. In Experiments 1, 3, and -1 the ilyer plate and target were inclined 20' to the direction of motion

of the flyer. In Experiment 2 the target was subjected to normal-impact, producing no shear. In an
effort to keep the number of experiments to a minimum, we chose to make the first experiment an

inclined-impact. Because the response of PVDF to normal impact was qualitatively known from earlier

work,10 this experiment had the potential of immediately identifying the existence of a piezoelectric

sensitivity to shear stress.

The target assembly used in Experiment 1 differed from that of the succeeding experiments. In
this target, thin metal foils that served as particle velocity gages were embedded inside each PMMA

buffer and also epoxied into the interface between the PVDF and the buffer plates. The transverse
particle velocity was in the plane of the epoxy seams, which are zones of reduced strength. We

attempted to measure the polarization of the PVDF through the charge accumulated on a known

capacitance connected in parallel to the sensing element. The signal recorded in this experiment (see
. Section 4) was filled with noise and difficult to interpret. The electrical response of the PVDF should

,.: ., follow the stress loading history, first reacting to the longitudinal shock wave and then, approximately

0.5 ps later, reacting to the transverse wave. Although the response of the PVDF element to a longi-

tudinal stress wave was qualitatively known from earlier work,' 0 we could not distinguish whether a

sensitivity to shear affected the record. The results indicated the need for modifying the design of the
target and the circuit ,hat recorded the signal produced by the PVDF sensing element.

The targets for the remaining experiments included three improvements. First, gages were omit-

ted from the interior of the front buffer plate. A front surface particle velocity gage was placed on the
front buffer. Thus there was no epoxy-bonded seam in the 2.0-mm-thick front buffer. Second, fine

copper wires were used as the particle velocity gages, and these were positioned 1 and 2 mm from the

PVDF gage in the 23-mm-thick rear buffer plate. The change in gage material and gage position
reduced the capacitative coupling to the PVDF gage's response that was apparent in the first experi-

S.:" ment. (Compare the shapes of particle velocity gages 2 and 3 with that of the PVDF element in Sec-

tion 4.) The third improvement in the mechanical design of the target was to make the cut in the
rear PNIMA buffer for placing the copper wire gages perpendicular to both the direction of wave pro-

pagation and the transverse particle velocity so that the shear would be transmitted well and the

motion of the particle velocity gages would closely follow that of the material. 9

Improvements were also made in the circuit used to record the signal from the PVDF element. In

Experiment 1, three types of coaxial cables totaling 21 m in length connected the I)VDF element to a

parallel capacitor of 105.4 nF. This capacitor was located directly across the terminals of the oscillo-

scope terminated in 50-f! resistance. This circuit recorded the maximum charge difference on the

8
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electrodes of the PVDF induced by its change in polarization. Terminating the circuit created an RC

decay time of 5 ps, causing the capacitor to lose its charge too quickly. The high frequency noise in

the record may result from impedance mismatch existing in the circuit. The lower frequency noise
superposed on the exponentially decaying voltage on the capacitor may arise from the interaction of

the capacitor and line resistance with the 55-plh distributed line inductance.

In all succeeding experiments, we recorded the current flowing between the electrodes of the

PVDF element rather than the charge difference created by polarization. The PVDF element was con-

nected in series by total of 4.5 m of coaxial cables to a large (5-kil or 50-kQ) resistance. The voltage

drop across 50 Q of this resistance was monitored by an oscilloscope terminated in 50-0 resistance.

This voltage-divider configuration was adopted to provide a better impedance match along the circuit.

The length of cable was reduced to minimize effects of line inductance.

The response of this circuit was tested in a normal-impact experiment, Experiment, 2, for which

the current response of the PVDF element was known. As discussed below, the results from Experi-

ment 2 satisfactorily demonstrated that the measuring circuit was transmitting the response of the

PVDF gage without excessive perturbation. Since this experiment was performed, however, several

deficiencies in this circuit have been brought to my attention."1 The major deficiency of this revised

circuit design is that it did not provide complete impedance matching at the high frequencies that

were of interest.

'V
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SECTION I

RESULTS
l 

•

As described in Section 3, deficiencies in the design of Experiment 1 made the results uninforma-

tive. The modifications to the mechanical design of the target. and the recording circuit were tested in

the normal-impact experiment, Experiment 2. Following the favorable result of Experiment 2, we

expected to be able to conclude this study with two additional inclined-impact experiments. In Exper-

iment 3 we recorded the response of the PVDF element and measured the transverse particle veloci-

ties. To remove the potential influence of the magnetic field on the response of the iPVDF element

recorded in Experiment 3, Experiment 4 replicated that experiment with no magnetic field present. As

discussed in detail in Section 5, the results from these two experiments are inconclusive. Within the

term of this project, we could not obtain additional specimens for further experiments to determine

the cause of the unexpected response of the PVDF element.

In section 5 we discuss differences in the construction of the targets that, could have caused the

disturbance of the response of the PVDF elements. In the following paragraphs we present the results

of the individual experiments and the details their construction and execution.

EXPERIMENT 1 (8.5-2-21)

The construction of the target and the measuring circuit in this experiment are described above.

The front and rear P\fNLA buffers were 3.0-mm and 8.1-mm thick, respectively. The PVDF element

wva~s NBS gage N-20, having a static capacitance of 1.43 nF. The exterior electrodes on this element

covered its entire area (see Figure 1). The effective hydrostatic d-constant of this specimen, deter-

mined by Bur using a drop-test technique,' was 25.6 pC/N. The inclined flyer plate impacted the

inclined target at a velocity of 0.29 km/s. The target was positioned in a uniform magnetic field of

1503 Gauss, directed along the vertical, perpendicular to the direction of motion of the flyer plate.

With the magnetic field in this orientation, the particle velocity gages were sensitive to longitudinal

and transverse motion in the ratio of 1:sin2O0 .

Figure 3 shows the digital recording of the response of the PVDF element connected in parallel to

a 105.l-nF capacitor. This record was produced by a Nicolet 2093 oscilloscope with a 205A plug-in

unit sampling the signal at 20-ns intervals. The voltage output was converted to charge by multiply-

ing by 106.83 nC, the effective capacitance of the circuit elements. Figure 4 shows analog recordings

of the response of the PV\DF element and particle velocity histories at the particle velocity gage in the

front buffer plate (Gage 1) and the ones adjacent to each face of the PVI)F element (Gages 2 and 3).

These records were recorded on Tektronix 770.4A oscilloscopes. The arrival of the transverse wave at

Gage 1, 0.5 mm from the impact surface, can be seen as the inflection near the first, peak in the record

from that gage. The horizontal scale in each photo is 0.5 ps per division. The vertical scales are I V

per division for the PVDF record, and 0.05 V per division for the particle velocity gages.

EXPERIlME'N' 2 (85-2-25)

The purpose of this experiment was to test. modifications in the design of the experiment. The

target for this experiment followed the modified design (escribed above, except it conltaine(l no particle

10
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Figure 3. Digital recording (20 ns/point) of response of PVDF element
in Experiment 1 (85-2-21) (the arrow marks the arrival time
expected for the transverse wave).
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(a) Particle Velocity Gage 1 (Upper)
and PVDF Element (Lower).

(b) Particle Velocity Gages 2 (Upper)
and 3 (Lower).

Figure 4. Experiment 1 (85-2-21) records.
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velocity gages. 'file PVDF element was N[3S gage N-I, having a static capacitance of 1.29 ni". The

exterior electrodes of the PVDF element covered only the central 0.5-cmr-diameter sensitized region.

The effective hydrostatic d-constant of this specimen was .12.0 p(' N. No magnetic field was applied,

and the velocity of the normal impact was 0.267 kmi's.

Figure 5 shows the digital recording of the response of the PVDF clement connected in series to a

.50-kQ resistor. The signal was sampled at 20-ns intervals. The voltage output was converted to

current by dividing by 50 Q, the resistance across the terminals of the oscilloscope. This record quail-

tatively is very similar to the observations of Bauer ° in similar normal-impact experiments. The tilt

of the impact in this experiment was less than 0.1'. Figure 6 shows the history of the charge

difference on the electrodes of the PVDF element obtained by integrating the current-time history of

Figure 5.

EXPERINIENT 3 (85-2-26)

.f In this inclined-impact experiment, we measured the response of the PVDF sensing element pack-

aged in a target having the modified design described in the previous section. We also measured the
transverse particle velocity in each of the buffer plates to calculate tire shear stress transmitted

through the PVDF from Eq. (6). The PVDF element was NBS gage N-19, having a static capacitance

of 1.- nF. The exterior electrodes of the PVDF element covered its entire surface. The effective

* hydrostatic d-constant of this specimen was 31.3 pC/N. The impact velocity was 0.270 km/s.

Tire target was positioned in a uniform magnetic field of 2275 Gauss, oriented along the normal to

the impact surfac(. This orientation rendered the particle velocity gages sensitive only to transverse

particle motion (along the vertical direction in the plane of the impact surface). Due to the limited

precision with which the orientation of the magnetic field can be set, contributions from the much

• 4", larger longitudinal particle motion can be identified in records from Gages 2 and 3.

Figure 7 shows these records along with the response of the PVDF element. The PVDF element

was connected in series to a 5-kf2 rather than a 50-kM resistor. The series resistance was reduced to

increase the signal amplitude. We do not believe this change caused any significant reduction in

response time of the circuit. The horizontal scales in both photos in Figure 7 are 1 jus per division.

The vertical scale in Figure 7(a) is 0.0.1 A per division for the PVDF record and 18.20 m/s per division

f,r Gage 3. Tie vertical scale in Figure 7(b) is 10.08 m/s per division for Gage 2 and 12.74 m/s per

division for Gage 3. Figure 8 shows digital recordings of the particle velocity histories at the front sur-

face (Gage I) and 2 tnni behind the PVDF element (Gage No. 3). The Nicolet oscilloscopes sampled

these signals at 50-irs intervals.

E.iXlERIMENT 4 (85,-2-27)

Th is Inclined-impact experiment replicated Experiment 3 except that no magnetic field was

apIpliel. The particle velocity gages were present, but not connected in a closed electrical circuit. The

PVI)F elmvent was NBS gage N-21, having a static capacitance of 1.21 nF. The exterior electrodes of

the lPVDF element covered its entire surface. The effective hydrostatic d-constant of this specimen
was 292 p(/N. The impact velocity was 0.274 km/s. Figure 9 shows digital and analog records of

13
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Figure 5. Digital recording (20 ns/point) of response of PVDF element
in Experiment 2 (85-2-25).
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Figure 6. Charge difference on electrodes of PVDF element
obtained by integrating current history in Figure 5.
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the response of the PVDF element. The digital signal in Figure 9(a) was obtained by sampling the sig-

nal at 50-ns intervals. The voltage output was converted to current by dividing by 50 Q, the resis-

tance across the terminals of the oscilloscope. The horizontal scales in Figure 9(b) are 1 ps per divi-

sion, and the horizontal scales are 0.10 A per division for the upper trace and 0.04 A per division for

the lower trace.
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SECTION 5

ANALYSIS AND DISCUSSION

We first discuss the results of the normal-impact experiment (Experiment 2) to provide the base-

line for comparison with the results of the incline-impact experiments. As mentioned above, the
response of the PVDF element shown in Figure 5 is comparable to that seen in earlier work by

Bauer. 10 As with quartz gages,' 2 a current is generated by the piezoelectric material as long as there is
a difference in the stress on its faces. Thus the current signal lasts for the time it takes a stress

change to cross the specimen. Because the PVDF specimen is very thin, the current pulse is a spike.
Impact tilt and the response time of the electrical circuit contribute to the width of the spike in Figure

5. The broader current pulse with the opposite sense around 5 uis is the signal produced as the
broader front of the release wave propagates through the PVDF.

Quantitative analysis of the record from Experiment 2 reveals a deficiency in the experiment.
We use the charge generated by the stress wave to calculate an effective d-constant relating stress to

polarization. The change in charge measured in the experiment is related to the change in polarization

by

dQ AdP +pdA (7)
do, do, da(

*where Q is charge, P is polarization, and A is the sensitized area. Under the uniaxial strain conditions
in this experiment, A does not vary (dA = 0), and all three normal components of the stress o, are
compressive. For an order-of-magnitude estimate, we ignore the contributions of the two normal
stresses in the plane of the PVDF element and take 0.25 nC as a nominal value for dQ (Figure 6).
The magnitude of the through-the-thickness normal stress was approximately 4.5 kbar (450 MPa)."
Using these values in Eq. (7) we obtain

1 dQ 0.25 nC -0.0071 pC/N (8)

A do' 0.785 cm 2 x 45,000 N/cm2

Ilere the subscript on the d-constant refers to the film coordinate system. If the effective constantsi'. d 31 and d 3 2 are positive, Eq. (8) provides an upper bound on the effective constant d 33 . Assuming d 3 3

is of the same order of magnitude as d3 1 and d 32, it should be comparable to the effective hydrostatic
:4:: d-constant of 42 pC/N determined by Bur.' The cause of this inconsistency in unknown. Using Equa-

tion (2) to account for the effect of the adiabatic temperature rise in the experiment would increase the

disagreement.

In the inclined-impact experiments, a transverse wave follows the longitudinal shock wave at a
slower speed. The thickness of the flyer plate is chosen so that this transverse wave front reaches the

1PVDF before the faster-traveling relief wave. Thus we expect any piezoelectric sensitivity that PVDF

may have to shear stress to be manifest as a current pulse occurring in the record in the quiescent.

20



interval between the two pu.ses seen in Figure 5. Because the transverse wave is a simple wave like

the relief wave rather than a shock wave, we expect any current pulse produced by it to be broad.
The sense of a shear-stress-induced current pulse cannot be predicted.

In Experiment 1 we recorded the charge difference between the two faces of the PVDF element

rather than the current that equilibrates the charge. This is analogous to directly recording the charge

history, Figure 6. From the above discussion, we expect a shear-stress sensitivity to be manifest in a

charge history plot as a step, either up or down, superimposed on a plateau such as that seen in Fig-

ure 6. The charge history from Experiment I (Figure 3) does not have this general form, and no con-

tribution to the signal from the transverse wave can be identified. The dip seen around 8 ps is

produced by the relief wave. We do not know the reason for the discrepancy.

lit Experiments 3 and -4 we measured current histories, as in Experiment 2. The response of the

PVDF element is unaffected by the presence of a magnetic field, as seen by comparing Figure 7(a) with

Figure 9(b). In both figures, the shape of the current history is very different from that seen in Figure

5 for the normal-impact experiment. These records are peculiar because the pulses expected from the

results of Experiment 2 are absent, and they deviate from the shape of the record from Experiment 2

even before the transverse wave arrives at the PVDF element. Indeed, these current history records

from Experiments 3 and 4 more closely resemble the charge history record of Experiment 1.

We have been unable to determine the reason for these peculiarities. The exterior electrodes of

the PVDF element in Experiment 2 covered only the central 0.5-cm-diameter sensitized region. In the

other experiments, these electrodes covered the entire area of the element. Additionally, the target in

Experiment 2 contained no particle velocity gages. Beyond these differences is only the difference in

impact orientation; Experiment 2 was a normal impact, while the other experiments were all inclined

impacts. Variations in the measuring circuit among the experiments do not correlate with peculiarities

in the PVDF signal records.

The particle velocity records from Experiment 3 allow us to estimate the magnitude of the shear

stress transmitted through the PVDF element. We consider Gage 3 first. In Figure 8(b) the steep

jump from approximately 2 m/s to 13.5 m/s about 3 ss after impact is the contribution from the
transverse particle motion. Using the original digital voltage-time record, we calculate 11.5 ± 0.4 m/s

for the transverse particle speed at Gage 3. We obtain 11.2 m/s and 11.3 m/s from the two analog

oscilloscope recordings of Gage 3 shown in Figure 7. For Gage 2, from two analog oscilloscope record-

ings (one shown in Figure 7b), we obtain 10.4 m/s and 11.8 m/s for the transverse particle speed.

These values are consistent, with the propagation of a steady transverse wave in the rear PNIMA

buffer.

* * To calculate the transverse particle speed at the front surface of the target, we subtract the con-

i'. tribution from the longitudinal particle motion, which arises from imperfect alignment of the magnetic

field, from the peak value of approximately 23.5 mi/s in Figure 8(a). \Ve assume that the contribution

from the longitudinal particle motion is the same as at (age 3. Using the original digital voltage-time

record, we calculate 21.5 ± 0.5 m s for the transverse particle speed at Gage 1.
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Using these speeds in Equation (6), we obtain estimates of the applied and transmitted shear

stress. Following Gupta, 9 we take 1.185 g/cm 3 and 1.0-13, respectively, for the initial density and

compression of PMMA in this experiment, and 1.5-1 km/s for the transverse wave speed. At Gage I

we obtain an applied shear stress of 0.41 ± 0.01 kbar (41 MPa), and at Gage 3 we obtain a shear

stress of 0.22 ± 0.01 kbar (22 MPa). Note that the value for shear stress at the front surface is overes-

timated if the transverse wave was not steady when it was generated. For comparison, the shear

stress calculated using the COPS program13 to simulate this experiment is 0.77 kbar (77 MPa) when

purely elastic response is assumed and no slipping is allowed at the PMMA-PVDF interfaces.
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

In the records from the inclined-impact experiments, we observe no variation that would

correspond to the arrival of the transverse waves. If we assume that the causes of the peculiarities in

these records did not suppress the effects of the transverse waves, we can estimate an upper bound on

the relative piezoelectric sensitivity of PVDF to in-plane shear stress from the measured shear stres.

For this estimate, we assume that the normal stresses existing in the uniaxial strain state are

equivalent to a hydrostatic stress. We treat the peak current value in a PVDF record as arising from

a hydrostatic stress of 4.5 kbar (450 MPa).

Figure 9(a) shows a resolution of 0.2 mA, the best obtained in a PVDF record. This is 1/75 of tile

peak value and, by assumption, is greater than the contribution from the 0.22-kbar (22 \1Pa) shear

stress. The ratio of the peak current produced by the approximately hydrostatic stress to the peak

current produced by the in-plane shear stress equals the ratio of the contributions of each stress to the
polarization. This ratio is greater than 75. Dividing by 20.5, the ratio of the approximately hydros-

tatic 4.5-kbar stress to the 0.22-kbar shear stress, provides an estimate of the upper bound on the
ratio of the effective hydrostatic d-constant to the effective shear stress d-constant.

Thus, we conclude that the piezoelectric sensitivity of PVDF to in-plane shear stress is less than

0.27 (20.5/75) times its sensitivity to hydrostatic stress. However, due to the many uncertainties in
the results of our experiments, this conclusion must be regarded as tentative. Moreover, the

polarization-stress relation for PVDF is likely to be nonlinear because of its large compliance and

because much of its response is likely to be secondary piezoelectricity. In applying the present bound

on PVDF's sensitivity to in-plane shear to other loading conditions, corrections are needed to account

for these nonlinearities.

It is clear that PVDF is potentially very useful ,as a stress transducer.' 1 Ilowever, many, ques-
tions about its piezoelectric response to large magnitude dynanic stress need to be answered even

before a gage package is designed. Future work on PVDF should be conducted on specimens that can

be replicated with high precision. These specimens should be a simple configuration of one layer of

PVDF. It may be useful to include a guard ring 14 with the electrodes applied to the PVI)F. Further

consideration must be given to choosing an electrical circuit for measuring the response of the tVI)F

element. The extreme thinness of the film and the resolution desired in the measurements should bc

accommodated by the chosen circuit. In inclined-iml)act experiments, where the peak longitudinal

*, stress is always substantially larger than the peak shear stress, the resolution of the measurements

determines the minimum detectable sensitivity to shear stress.

The SRI split Ilopkinson torsion bar 15 (SiI'I') could Ibe an alternative to inclined-impact experi-

," ments that would reduce the need for high-resolution measurements. With this method, approxi-

mately uniform millisecond-duration shear stress can be applied over an annular region with or

without application of a static through-the-thickness compression. Torsion bar experiments would

have the advantages of allowing the ratio of shear to normal stress to be varied over a greater range
and of potentially requiring less effort.
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In a recent review, Broadhurst and Davis16 discuss many of the proposed mechanisms of secon-

dary piezoelectricity that could contribute to the sensitivity of PVDF. Due to the complexity, it is

unlikely that the piezoelectric response of PVDF can be modeled accurately as a collection of physical

mechanisms. Instead, it will have to be described on a phenomenological basis, much as the piezoelec-

tric behavior of quartz 12 and lithium niobate17 are. The physical mechanisms Broadhurst and Davis

discuss all depend differently on stress, strain, and temperature. Any one mechanism will be linear in

any of these three variables over a limited range only. The composite effect of two or more mechan-

isms may be completely nonlinear in these variables. The ranges for stress, strain, and temperature
for which the piezoelectric response of PVDF is linear need to be identified. Nonlinear response will

require that a gage package containing PVDF be calibrated under conditions very similar to those in

which it will be fielded. In particular, if the piezoelectric response of PVDF to longitudinal stress is

nonlinear in the stress range of interest, then it is inappropriate to assume that its response to com-

bined loading by a longitudinal wave followed by a shear wave is equivalent to the superposition of its
response to each wave separately.

Both the inclined-impact and the SHTB techniques will be useful for investigating the variation of
the piezoelectric response of PVDF over the range of stress and strain of interest for field applications.

Additional useful fundamental measurements of the behavior of PVDF could be conducted under
quasi-static, unstressed conditions using the piezoelectric resonance method.18 Auld and Gagnepainl

used this technique to investigate the temperature dependence of the piezoelectric (in-plane) shear cou-

pling constant from O°C down to liquid-helium temperature. They were able to obtain only qualitative

estimates of effective piezoelectric stress constants e1 s and e24 . Further work would be needed to

determine if this method could provide quantitative estimates of these effective piezoelectric constants.

* -.. Auld and Gagnepain assumed that the macroscopic symmetry of the uniaxially stretched film

7. they studied was mm2. As mentioned above, we have not found a conclusive determination of the
symmetry of the bulk film. The resonance technique is flexible enough to allow many of the effective

piezoelectric constants to be measured. Thus, relatively extensive measurements could be made with

no confining stress, and possibly with confining stress as well. These measurements might be an

efficient means of investigating the symmetry properities of the film, which is an important step

toward describing its general piezoelectric response.

,'p.
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